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The paper presents research data on positive and negative coronas in 
atmospheric pressure air in a highly inhomogeneous electric field. The 
data show that irrespective of the polarity of pointed electrodes placed in 
a high electric field (200 kV/cm), this type of discharge develops via ball 
streamers even if the gap voltage rises slowly (0.2 kV/ms). The start volt-
age of first positive streamers, compared to negative ones, is higher and 
the amplitude and the frequency of their current pulses are much lower: 
about two times and more than two orders of magnitude, respectively. 
The higher frequency of current pulses from negative streamers provides 
higher average currents and larger luminous areas of negative coronas 
compared to positive ones. Positive and negative cylindrical streamers 
from a pointed to a plane electrode are detected and successive discharge 
transitions at both polarities are identified.
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1. Introduction
Corona discharges in air and other gases at dif-ferent pressures continue to attract the attention of researchers [1-25]. Coronas are a self-sustained 
discharge arising near an electrode or electrodes with a 
small radius of curvature [26,27]. Typically, two main areas 
appear in this type of discharge: an ionization region near 
a pointed electrode where the electric field is high and a 
region remote from it where the field is low and the cur-
rent is provided by charged particle drift. As has recently 
been proven [28], the part of current in non-ionized region 
is contributed by dynamic displacement current due to fast 
plasma expansion by streamers from a pointed electrode. 
Corona discharges can be initiated by applying DC and 
AC voltages and by applying short voltage pulses which 
make them short-lived in a single form [5,7,13]. 
Coronas can be positive or negative depending on the 
voltage polarity of pointed electrodes [1-27]. Negative coronas 
can produce current pulses hundred nanoseconds long whose 
frequency increases with voltage [26,27]. Such corona bursts 
are known as Trichel pulses [29], and in some studies, they are 
related to negative streamers [18,20,24]. Data are also available 
on how this type of discharge near a negative electrode is 
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transformed and constricted [4]. Positive coronas can produce 
cylindrical jets [7] whose length increases greatly if an addi-
tional ring electrode is present in their region [22]. The thresh-
old current for corona-to-glow and glow-to-spark transitions 
can vary with the geometry of an anode, its resistivity, length 
of gap, and gas flow [3]. The start voltage of positive coronas, 
compared to negative ones, is higher [4,20,26,27].
Despite abundant research data on corona discharges, 
their studies are continued [17-25,30]. In particular, some fea-
tures of coronas remain unclear. For example, if the gap 
voltage rises slowly, lower voltages are needed for a nega-
tive corona [4,20]. At the same time, the electric field needed 
for a negative streamer is about twice that for a positive 
one: ∼10 kV/cm2 against 5 kV/cm2 in atmospheric pressure 
air [27]. Thus, the question arises of why corona discharges 
appear earlier at negative polarity and cylindrical streamers 
at positive. This and other features of corona discharges 
are still poorly understood. From the available data, it is 
unclear whether the first current pulses of negative and pos-
itive coronas can be related to the formation of streamers.
Only recently [20,30] it has been found that the initiation 
of corona discharges can start with the formation of a 
streamer with a large diameter at both voltage polarities. 
Such streamers propagated from needle electrodes with 
a tip radius of tens of microns at a slowly rising voltage 
[20, 30]. Note that in some studies [31,32], such streamers pro-
duced by nanosecond voltage pulses were termed broad or 
wide, and they were really wide, reaching 8 cm in diame-
ter at high rates of rise of voltage (dU/dt > 1014 kV/ns). 
All the foregoing suggests that further research in the 
features of coronas is needed. In the paper presented, we 
analyze the initiation of corona discharges from electrodes 
with a small radius of curvature in point-plane gaps and the 
conditions for their transition to other forms at both voltage 
polarities with a minimal voltage of less than 2 kV.
2. Experimental Setup and Measuring Tech-
niques
The experimental setup for research in corona discharg-
es in atmospheric pressure air comprised a power supply, a 
point-plane electrode gap, and a measuring system (Figure 1).
Figure 1. Experimental setup: Rb = 18 MOhm, R1 = 2.5 
MOhm, R2 = 2.5 kOhm, R3 = 1 kOhm
For assessing the minimum start voltage of coronas, 
we used a high-voltage source with a voltage stability and 
long needles with a small radius of curvature (Table 1).
Table 1. Needle parameters
Size Diameter, mm Tip radius, µm
No. 1а 0.32 11-13
No. 1b 0.32 40
No. 2 0.61 30
No. 3 1.04 100
No. 4 3 200
Most of the experiments were performed with a bead-
ing needle of size No. 1a having a tip radius of 11-13 µm, 
length of 55 mm, and diameter of 0.32 mm. Because the 
tip of needle No. 1a during high-voltage operation was 
melted and its radius increased up to ≈40 µm (needle No. 
1b), the needle was regularly replaced by a fresh one. 
The tips of the other needles (Nos. 2, 3, 4) after spark 
breakdowns were less eroded but their radius was also in-
creased. The least increase in the tip radius was observed 
for needle No. 4. The material of needle No. 4 was copper, 
and that of needles Nos. 1, 2, 3 was stainless steel.
The second (grounded) electrode was plane, allowing 
current measurements. The distance between the tip of a 
needle and plane electrode was varied from 2 to 50 mm. 
Because needle No. 1a was subjected to strong corona 
vibrations due to its small dimeter and large length, its tip 
was fixed with a teflon plate to reliably capture the dis-
charge form. Several experiments were performed only 
with a needle (and with no shunt) for which all grounded 
metal conductors were spaced from it by more than 10 
cm.
In our experiments, we used three voltage sources: (1) 
a source with a stabilized voltage of 0.4- 5 kV accurate 
to no worse than 0.2% and with a rate of voltage rise no 
greater than 0.2 kV/ms; (2) a source with a voltage of up 
to 36 kV and rate of voltage rise of no more than 0.2 kV/
ms; (3) and a source with sinusoidal voltage pulses of 
both polarities rising up to 20 kV in ≈500 ns. 
The form of corona discharges was captured in frame-
by-frame mode with a Canon PowerShot SX 60 HS cam-
era and was recorded with an HSFC PRO four-channel 
ICCD camera at a minimum frame duration of 3 ns. 
The time dependence of voltage was traced with a 
high-voltage probe and a Tektronix TDS 3034 oscillo-
scope. The discharge current measured by a high-resis-
tance shunt (R = 1 kOhm) was recorded with a resolution 
of no worse than 5 ns. Thus, we could measure the pulsed 
and steady component of the current through the gap. All 
experiments were performed in a laboratory room in am-
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bient air at a temperature of ≈20 °C and humidity of no 
more than 60%.
3. Experimental Results
3.1 Current-voltage Characteristics of Corona 
Discharges
Despite numerous experimental studies of corona dis-
charges, no complex analysis is available to judge their 
evolution. In particular, little is known about the early 
stage of coronas, the more so as their studies with high 
time resolution are comparatively rare. In our study, we 
have analyzed the relationship between the characteristics 
of coronas and modes of their operation. Figure 2 shows 
the average discharge current versus the voltage of both 
polarities at the tip of needle No. 4. 
Figure 2. Average discharge current versus negative and 
positive polarity voltage with needle No. 4 spaced from 
plane electrode by 20 mm
Needle No. 4 was used because its tip was little af-
fected by several sparks while the tips of needles Nos. 1, 
2, 3 were blunted. The average current was determined 
through oscilloscope measurements for 400 µs. Each point 
in Figure 2 was obtained at constant voltage. During the 
measurement time (400 µs), short current pulses were re-
corded (open circles on the diagram). At the same voltage 
level, their frequency at negative polarity was more than 
an order of magnitude greater than its value at positive 
polarity. Thus, the discharge current on the diagram is rep-
resented by its quasi-steady and pulsed components. 
The current-voltage characteristics in Figure 2 are typ-
ical for corona discharges: higher discharge start voltages 
and lower average discharge currents at positive than at 
negative voltage polarity. The oscilloscope recorded the 
corona current and the gap voltage simultaneously at 
each measurement point, allowing us to identify pulsed, 
quasi-steady, and mixed modes of the current flow at each 
voltage (by varying the time sweep) and to determine the 
frequency of current pulses, their amplitude, and duration. 
The pulsed mode was always observed at initiation of 
corona discharge. Previous studies showed that the pulsed 
mode is related with the formation of spherical (wide) 
streamers in the vicinity of a needle [20].
At both voltage polarities, a quasi-steady discharge 
mode (free of individual pulses during 400 µs) was ob-
served. At positive polarity, the voltage for this mode was 
relatively lower than at negative polarity. Over time, the 
quasi-steady mode transformed to a mixed one. This mode 
comprised two components: quasi-steady and pulsed. At 
positive polarity, the contribution from individual pulses 
to the mixed mode was negligible. At negative polarity, 
such a mode with its quasi-steady component and Trichel 
pulses [26,29] was observed with increasing voltage after 
the start of a corona. For negative polarity, the voltage at 
which current pulses with a relatively high frequency ap-
peared was about 7.5 kV (Figure 2). For positive polarity, 
it was higher. When voltage of any polarity was increased 
greatly, the corona transformed to a glow and then to a 
spark discharge.
The waveforms of voltage and current were recored not 
only at constant voltages but also at voltage rise time and 
fall time from tens of milliseconds to several seconds. As 
for the average corona current, the current-voltage char-
acteristics at relatively short voltage rise and fall times 
differed little from those at constant voltages. However, 
it was possible to observe all modes and transitions of 
corona discharge.
Figure 3 shows the waveforms of voltage and current 
of a negative corona recorded within 35 ms when apply-
ing needle No. 1b.   
Figure 3. Waveforms of voltage and current of negative 
corona recorded from within ∼35 ms. Needle No. 1b. 
Length of gap 3 mm
Until ≈20 ms (Figure 3), the current through the gap 
was low (<1 µA) and corresponded to dark current due to 
air ionization by high-energy cosmic particles [27]. Once a 
negative corona was ignited (≈2.2 kV), Trichel pulses and 
then quasi-steady component appeared. The quasi-steady 
component increased with increasing the voltage while 
the amplitude of current pulses decreased (if counted from 
the quasi-steady level) such that they became undetectable 
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at ≈3.1 kV. We think that it is the onset of corona-to-glow 
discharge transition. The transition was accompanied by 
electron emission from a bright cathode spot and gradual 
extension of the corona current-voltage characteristic into 
a glow one. Further increasing the voltage gave rise to a 
spark discharge such that the gap voltage dropped and the 
current increased significantly. Transforming the spark to 
a corona or a glow discharge required a decrease in the 
power supply voltage. All these modes can be judged from 
their respective waveforms and images in the sections be-
low.
Figure 4 shows the waveforms of voltage and current 
of a positive corona when applying needle No. 1b. When 
the needle was positive, the current got quasi-steady after 
the first pulse and remained quasi-steady during >400 µs. 
The mixed mode was observed only at relatively high 
voltages.   
Figure 4. Waveforms of voltage and current of positive 
corona when applying needle No. 1b. Length of gap 10 
mm
The positive corona developed via ball streamers. The 
appearance of the ball streamer in the vicinity of the nee-
dle tip is accompanied by a short current pulse (Figure 
4a) after which the discharge became quasi-steady and 
its average current increased with increasing the voltage. 
In the quasi-steady mode, pulses were also possible but 
their frequency was too low to make them full-blown. The 
high amplitude of the current pulse is due to the high rate 
of ionization processes in the vicinity of the needle tip, 
where the electric field strength is very high. The short 
duration of the current pulse is caused by a rapid decrease 
in the rate of ionization processes as the diameter of the 
streamer increases and the strength of the electric field at 
its front decreases. These features of current during the 
development of a streamer were studied in [28].
At a higher voltage (≈10 kV, Figure 4b), the positive 
corona revealed cylindrical streamers [30]. As can be seen 
in Figure 4b, cylindrical streamers are also accompanied 
by current pulses. Their amplitude and duration are great-
er than that for the ball streamers formed in the vicinity of 
the needle tip at lower voltages. The voltage practically 
does not change. It drops when the discharge transforms 
to a spark with increasing the power supply voltage. As 
has been shown [26], lower values of slowly rising voltage 
in an inhomogeneous electric field are needed for a spark 
breakdown from positive pointed electrodes compared to 
negative ones. Our study confirms this conclusion (Figure 
2).
3.2 Initiation of Coronas
Let us look closer at the initiation of corona discharges. 
Our previous studies [20,30] show that the initiation of a 
corona starts with a ball streamer not only at negative 
but also at positive voltage polarity. In particular, such a 
streamer is identified from current pulses with a duration 
of 100-200 ns recorded by a current shunt and from plas-
mas appearing at pointed electrodes during this time. In 
negative coronas, such current pulses are frequent [26,29]. 
The detection of current pulses with a duration of 100-200 
ns in positive coronas is reported elsewhere [20].  
Our detailed study confirms that corona discharge in a 
highly inhomogeneous electric field is initiated at a com-
paratively low voltage which, as expected, increases with 
increasing the tip radius and diameter of a needle. The 
start voltages of corona discharge for needles of different 
sizes and point-plane gaps of different widths are indicat-
ed in Table 2.
Table 2. Corona start voltage for different needles
Needle size Voltage polarity Gap, cm Corona start voltage, kV
No. 1b + 3 6.0
No. 2b + 3 7.0
No. 2b + 1 3.8
No. 2b + 2 4.2
No. 3b + 3 10.0
No. 3b - 3 6.5
When going from positive to negative polarity, the 
start voltage of corona decreases with decreasing the gap 
width d and increases with increasing the tip radius and 
needle diameter. The data in Table 2 are for needles with 
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spark-blunted tips (index b) and hence with higher corona 
start voltages compared to sharp ones, all other things be-
ing equal. 
The initiation of corona at minimal voltages was stud-
ied with needle No. 1a having the smallest tip radius (11 
µm). When the tip was blunted, the needle was replaced 
by a fresh one. Such pointed electrodes were needed to 
produce the highest electric field and to initiate single 
streamers at low voltages. The power supply was stabi-
lized. Figure 5 shows the start voltage of first streamers 
versus the gap between needle No. 1a and plane electrode.
Figure 5. Start voltage of first current pulses (a) and their 
amplitude (b) versus gap d between needle No. 1a and 
plane electrode. Negative d values are for negative voltage 
polarity
With sharp needles No.1a, like with blunted ones, the 
corona start voltage was lower at negative than at positive 
polarity. Besides, the start voltage of first pulses at posi-
tive polarity, compared to negative one, increased faster 
with d. It should also be noted that although the start 
voltage of first current pulses increased with d, the current 
amplitude decreased (Figure 5b). These data are apparent-
ly new. 
Figure 6 shows the waveforms of first current pulses 
and pulses in mixed modes at positive and negative volt-
age polarity for needle No.1b. The time resolution is no 
worse than 5 ns. 
Figure 6. First current pulses (a, c) and pulses in mixed 
modes (b, d) at different voltages (straight lines) at pos-
itive (a, b) and negative polarity (c, d). Gaps 5 (a, c) and 
40 mm (b, d). Needle No. 1b
As can be seen, the start voltage of first pulses with d 
= 5 mm is 1.64 kV at negative and 2.26 kV at positive po-
larity, which agrees with the data of Figure 5a. The wave-
forms in Figure 6a,c also suggest that at positive polarity, 
compared to negative polarity, the rise time of the pulse 
is shorter but its fall time is longer and its width at a level 
of 0.1 is larger. Increasing the gap to 40 mm increases the 
start voltage and the amplitude of first current pulses. 
It should be noted that the start voltage and the current 
of coronas depend on not only the tip radius and length of 
gap but also on the humidity and pressure of air. Our com-
parative measurements were taken during a short time and 
under the same weather conditions, and although the pa-
rameters did vary from day to day (primarily due to vary-
ing air humidity), their tendencies remained unchanged. 
The amplitude of pulses and their spacing depended 
on the voltage and its polarity. At relatively low voltages, 
the amplitudes of the first corona current pulses are usu-
ally larger when a needle electrode is negative. As will 
be shown below, under these conditions, ball streamers 
are formed. However, cylindrical streamers are formed 
from a positive needle with increasing voltage, and the 
amplitude of the positive corona current pulses increases 
significantly. For example, at a positive polarity voltage 
of 8 kV, needle No. 1a, and d = 8 mm, they had an ampli-
tude of 6 mA, FWHM of 220 ns, and repetition period of 
≥240 µs corresponding to a frequency of ≈4.2 kHz. With 
the same gap and voltage at negative polarity, they had an 
amplitude of 56 µA, FWHM of 94 ns, and frequency of 5 
MHz, and their steady current component before the next 
pulse was ≈42 µA. At the same voltage, the pulse repeti-
tion frequency for the negative polarity, compared to the 
positive one, was more than several orders of magnitude 
higher. As a result, a much higher average corona current 
was observed at negative polarity. The fact that a train of 
pulses (Trichel pulses) whose frequency increases with 
voltage appears in a negative corona after its first pulse is 
described in many papers. Tables 3 and 4 present data on 
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the amplitude of current pulses and their frequency and 
spacing at different voltages of negative and positive po-
larity for needle No. 1a with d = 2 cm. 
Table 3. Amplitude of current pulses, pulse frequency, 
and pulse spacing in negative coronas from needle No. 1a 
with d = 2 cm
-U, kV I, µA f, kHz τ, μs
3.1 5.4-6.4 28.6 35
4.1 6-6.8 30 33.5
5 5.4-6.4 71 14.08
6 5.2-6.8 149 6.73
9.2 5-6.4 281 3.56
10.1 4.2-6.4 345 2.9
12 4.4-5 476 2.1
Table 4. Amplitude of current pulses, pulse frequency, 
and pulse spacing in positive coronas from needle No. 1a 
with d = 2 cm
+U, kV I, µA f, kHz τ, μs
8.8 144 4.49 222.8
9.9 233 5.41 184.7
10.7 389 5.68 176.2
11.4 501 6.17 162.1
12.2 541 7.34 136.3
12.8 689 7.4 135.1
13 809 7.52 133
As noted above, with increasing voltage, cylindrical 
streamers are formed from a positive needle, and the 
amplitude of the positive corona current pulses increases 
significantly.
We think that the recorded current pulses are due to 
streamers which, as evidenced by discharge images, can 
be both ball and cylindrical. 
3.3 Plasma in Corona Discharges
Our study confirms that in atmospheric pressure air, the 
start voltage of corona discharge from pointed electrodes 
measures several kilovolts and that their initiation at any 
voltage polarity is accompanied by current pulses with a 
FWHM of 100-200 ns (Figure 6). Because of the low start 
voltage and amplitude of first corona pulses, the intensity 
of first streamers is very low and so is the corona intensity 
near the tip of needles in quasi-steady modes. This makes 
it difficult to capture the early stage of coronas even with 
ICCD cameras. Therefore, images of coronas at low volt-
ages (few kilovolts) were taken in the dark at the maxi-
mum digital camera sensitivity with long exposure times 
(mostly, with 15 s). Figure 7 shows the plasma of negative 
and positive coronas near needle No. 1a.
Figure 7. Images of corona discharges near needle No. 1a 
at negative (a) and positive polarity (b). Length of gap 2 
cm. Exposure time 15 s
The size of luminous corona areas depended on the 
voltage and length of gap. At negative polarity, the coro-
na plasma was ball only in the range of low voltages and 
was contracted as the voltage was increased, which agrees 
with data reported elsewhere [4]. At the same voltage, the 
total emission near the negative needle, compared to the 
positive one, was higher. At positive polarity, the plasma 
was ball over a wider voltage range, and as the voltage 
was increased, jets escaped from the plasma up to the 
plane electrode (Figure 8a).
Figure 8. Images of discharges from positive needle No. 
2b at d = 20 mm (a) and from negative needle No. 1b at d 
= 10 mm, U = 3.8 kV (b) and negative needle No. 4 at d = 
10 mm, U = 16.9 kV (c). Exposure time 15 s
The long jets in Figure 8a are cylindrical positive 
streamers for which the electric field in gap is two-three 
times smaller than the field for negative streamers [27]. At 
15 kV, as can be seen in Figure 8a, such a jet bridges the 
gap and the corona transforms to a glow discharge which 
operates stably till the formation of spark channels at 
high gap voltages. A current-limiting resistor between the 
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power supply and needle (Figure 1, Rb) provides the glow 
discharge stability at atmospheric pressure. The glow-to-
spark discharge transition is fast and voltage across the 
gap decreases significantly. Such a transition at negative 
polarity can be judged from Figure 3, and glow discharge 
at negative polarity from Figs. 8b and 8c, respectively.
Figure 9 shows ICCD images of the plasma of a nega-
tive corona near the tip of needle at pulsed voltage. 
Figure 9. ICCD images of negative coronas near needle 
No. 1b with d = 9 mm at maximum gap voltages 13 kV (a) 
and 6 kV (b). The needle is shown only in frames 1 and 5. 
Frame duration 200 ns (1, 2, 3), 600 ns (4), 20 µs (5, 6, 7), 
and 60 µs (8) with no time delay between first (1, 5) and 
second frames (2, 6) and between second and third (3, 7). 
Last frames (4, 8) are for coronas within respective first 
frames (1, 2, 3 and 5, 6, 7)
Because of the low intensity and widely varied start 
time of first streamers at low voltages with low rates of 
rise, it was impossible to accurately trace their formation 
dynamics by ICCD imaging. However, an increase in the 
emission intensity due to streamers was identified in indi-
vidual frames ∼200 ns long. As can be seen from Figure 
9a, more intense streamer emission is present in frame 2 
and in frame 4 whose duration spans that of frames 1, 2, 
and 3. Such emission within 200 ns corresponds to the 
current pulse duration of the first ball streamer (Figure 8a, 
9.8 kV). Under the conditions considered, the spacing be-
tween streamer pulses was much longer than 600 ns, and 
such images were possible only after tens to hundreds of 
corona imaging events.
As the frame duration was increased to over 20 µs, the 
detection of individual streamers failed. The emission 
intensity was determined by the quasi-steady corona cur-
rent and was the same at the same frame durations. Our 
experiments on the detection of first streamers at a pulse 
voltage rise time of 500 ns confirmed the results reported 
elsewhere [20]. Increasing the gap voltage at the rise of first 
streamers allowed us to capture their emission at negative 
polarity in frames 200 ns and 100 ns long, which roughly 
corresponds to the current FWHM through the gap. How-
ever, their formation dynamics at such frame durations 
was untraceable. We think that it is similar to what is ob-
served at voltage pulses of tens of nanoseconds [32]. With a 
frame duration of ∼10 ns and shorter, the emission inten-
sity of negative streamer was insufficient for its identifi-
cation, though the total emission intensity at the negative 
needle, compared to the positive one, was higher due to 
higher streamer formation rates (Figure 7).    
At positive voltage polarity with the same pulse ampli-
tude, we could clarify some details of the formation dy-
namics of individual streamers. For example, at high volt-
ages, a streamer head moving off the tip was detected in 
frames of 10 ns. This suggests that increasing the voltage 
increases the emission intensity of single positive stream-
ers compared to negative ones, which correlates with cur-
rent pulse amplitudes. In Figure 6a, b, the current pulse 
amplitudes at different polarities are about equal, and 
in Tables 3, 4, they are much higher at positive polarity. 
Such a mode is observed during the formation of cylindri-
cal positive streamers (Figure 8a) from the plasma created 
at the needle tip by a ball streamer (Figure 7b). Figure 10 
shows ICCD images of a cylindrical positive streamer at a 
constant gap voltage.
Figure 10. ICCD images of cylindrical positive streamer 
from needle No. 1b with d = 21 mm at maximum gap 
voltage 17.3 kV. Frame durations 100 µs (1, 2, 3) and 300 
µs (4) with no time delay between first (1) and second 
frame (2) and between second and third (3). Last frame (4) 
is for discharge within first three frames.
As can be seen in Figure 10, such a streamer is cap-
tured in frames 1 and 3 due to their large spacing, and in 
frame 4, two cylindrical streamers are overlapped. With 
no cylindrical streamer in frame 2, only the region near 
the tip is luminous at a quasi-steady corona current. Such 
a bright spherical region with cylindrical streamers is also 
clearly visible in Figure 8a. 
4. Discussion
Initiation of ball and Cylindrical Streamers
Our study of corona discharges in atmospheric pressure 
air evidence that (1) both negative and positive coronas 
develop via the ball streamers near the needle tip at sev-
eral kilovolts and that (2) positive ball streamers start at 
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higher voltages and positive cylindrical streamers at lower 
voltages compared to negative ones. 
As already noted, the electric field needed for a nega-
tive streamer is two-three times higher than that for a pos-
itive one [27]. However, in our study, like in others, nega-
tive coronas at low voltages were initiated and cylindrical 
streamers in low electric fields were detected, suggesting 
two types of corona streamers: ball in high electric fields 
and cylindrical in more low electric fields. We think that it 
is the high electric field at needle tips, which provides the 
initiation of ball streamers.
Figure 11 shows the distribution of electric field 
strength for needles No. 1a and No. 1b at 2 kV and 
d = 40 mm. 
Figure 11. Electric field strength versus distance from 
needles No. 1a (a) and No 1b (b) at 2 kV, d = 40 mm
From Figure 11 it follows that the electric field strength 
at the tip of needle No. 1a at 2 kV is higher than 0.4 MV/
cm. This value is of the order of the electric field at point-
ed electrodes in nanosecond pulsed diffuse discharges 
formed by wide (ball) streamers [28,31,32]. Hence, similar 
mechanisms can be expected for discharges from sharp 
points at rates of voltage rise of <106 V/s and >1012 V/
s. The rates >1012 V/s correspond to diffuse discharges 
involving fast and runaway electrons at negative voltage 
polarity [33] and X rays at positive polarity [34]. 
Although the electric field for coronas from thin nee-
dles is several times lower than the field for nanosecond 
discharges with pulse amplitudes of tens to hundreds of 
kilovolts, the time during which their tips is kept at high 
voltage is much longer. This causes charge accumulation 
at needle tips, avalanche growth to critical sizes, and ball 
streamer formation at both voltage polarities. 
The emission of electrons from negative tips is more 
efficient than their emission from positive ones. Besides, 
nanoparticles [35] and dielectric films, including carbon [36], 
lower the field emission threshold. Therefore, the start 
voltage of negative coronas is lower.
Under certain conditions, the appearance of primary 
electrons in length of gaps can be associated with natural 
background ionizing radiation, which gives ∼103 electron/
cm3 in 1 ns [27], and with dark current, which is recorded at 
high instrument sensitivity. However, these contributions 
are likely important only at positive voltage polarity. With 
positive needle tips, higher voltages are needed to make 
the ion concentration sufficient for the start of a posi-
tive streamer, suggesting that the generation of primary 
electrons, in this case, is less efficient. Nevertheless, ball 
streamers do arise at positive polarity. The motion of ball 
streamers stops because the electric field decreases rapid-
ly with distance from pointed electrodes and its average 
value in corona discharges is comparatively small. Under 
such conditions, the flow of quasi-steady current is pro-
vided by charged particle drift in the region of low electric 
fields and by photoemission via shortwave emission from 
the plasma that remains as a dense cloud at the tip of a 
pointed electrode due to its high electric field and ongoing 
air ionization there. As the voltage of positive polarity at 
the tip is increased, classical cylindrical streamers start es-
caping from the plasma cloud, as evidenced by our ICCD 
imaging. The electric field for the start of cylindrical cath-
ode streamers is much lower and their length is larger than 
those of negative streamers in corona discharges are. 
When cylindrical streamers develop (Figs. 8 and 10), 
the pulsed current increases greatly (Table 4) due to dy-
namic displacement current [28,37]. As a cylindrical stream-
er moves from a pointed to a plane electrode kept in a low 
electric field, capacitive charging occurs between its front 
and plane electrode. As the voltage is increased, such 
streamers reach the plane electrode, forming a glow dis-
charge which is further transformed to a spark. Because of 
the cylindrical streamer formation, the breakdown voltage 
is lower at positive than at negative voltage polarity. 
The current recorded during the formation of ball 
streamers is also contributed by dynamic displacement 
current. However, its amplitudes in corona discharges (due 
to small streamer sizes) are lower than its amplitudes in 
nanosecond diffuse discharges [28,37-40]. Measurement data 
on electric fields at ionization wave fronts during break-
downs are reported elsewhere [41-43].
5. Conclusion
Our research confirms that both negative and positive 
coronas in atmospheric pressure air develop via ball 
streamers which appear in the vicinity of electrodes with 
a small radius of curvature (∼10 µm). As it follows from 
calculations, the electric field at the tip of a needle reaches 
several hundred kilovolts per centimeter at a voltage of a 
few kilovolts. These conditions approximate those for the 
generation of fast electrons and X-ray quanta in diffuse 
discharges [33]. 
The start voltage of positive streamers, compared to 
negative ones, is higher due to low initial electron concen-
trations in air. The lower start voltage of negative stream-
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ers is due to more efficient electron emission from metal 
cathodes. The presence of positive ball streamers suggests 
that the plasma created at positive needle tips emits short-
wave photons, which provide their initiation in a high 
electric field through air preionization.
At the same voltage, the average current of negative 
corona with ball streamers are higher and their luminous 
region is larger than those of positive ones, which can be 
explained by more efficient electron emission from point-
ed cathodes and by higher frequencies of Trichel pulses. 
Their frequency at negative polarity, compared to positive, 
is more than two orders of magnitude greater. 
The average electric field strength for the start of posi-
tive cylindrical streamers is two-three times lower than its 
value for negative ones. When cylindrical streamers start 
from positive needle tips, the amplitude of current pulses 
increases greatly, going above their amplitude at nega-
tive polarity with the same voltage level. However, in the 
same conditions, the average current of positive coronas is 
lower than that of negative ones. 
From our study it follows that the ignition of coronas 
from pointed electrodes of any form and polarity begins 
with ball streamers due to electric field amplification and 
that, the initiation of a breakdown at positive polarity is 
due to cylindrical streamers developing from a plasma 
cloud near near a needle. 
Increasing the voltage causes successive discharge tran-
sitions from mode to mode. At negative voltage polarity, 
first comes a dark discharge, and then, a corona with a ball 
streamer, a corona with steady and pulsed currents, a glow 
discharge, and a spark. At positive voltage polarity, the se-
quence of modes includes a dark discharge, a corona with 
a ball streamer, a quasi-steady corona with rare pulses, a 
corona with cylindrical streamers, a glow discharge, and a 
spark. The transition to a glow discharge only little affects 
the current—voltage characteristic, whereas the transition 
to a spark involves a steep decrease in the gap voltage and 
a considerable increase in the amplitude of current pulses.
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